Abstract Microbial oil is a potential alternative to food/plantderived biodiesel fuel. Our previous screening studies identified a wide range of oleaginous yeast species, using a defined laboratory medium known to stimulate lipid accumulation. In this study, the ability of these yeasts to grow and accumulate lipids was further investigated in synthetic hydrolysate (SynH) and authentic ammonia fiber expansion (AFEX™)-pretreated corn stover hydrolysate (ACSH). Most yeast strains tested were able to accumulate lipids in SynH, but only a few were able to grow and accumulate lipids in ACSH medium. Cryptococcus humicola UCDFST 10-1004 was able to accumulate as high as 15.5 g/L lipids, out of a total of 36 g/L cellular biomass when grown in ACSH, with a cellular lipid content of 40 % of cell dry weight. This lipid production is among the highest reported values for oleaginous yeasts grown in authentic hydrolysate. Preculturing in SynH media with xylose as sole carbon source enabled yeasts to assimilate both glucose and xylose more efficiently in the subsequent hydrolysate medium. This study demonstrates that ACSH is a suitable medium for certain oleaginous yeasts to convert lignocellullosic sugars to triacylglycerols for production of biodiesel and other valuable oleochemicals.
Introduction
Oleaginous yeasts are capable of accumulating over 20 % of their cell mass as intracellular lipids and are considered an alternative strategy of producing second-generation fuels including biodiesel. Compared to filamentous fungi and algae, yeasts (eukaryotic microorganisms classified in the kingdom Fungi) generally have a higher growth rate and can grow to higher cell density (Li et al. 2007) . Lipids produced by yeasts have similar fatty acid profiles to those of vegetable oils. However, the high cost of synthetic culture media makes microbial oils less economically viable (Chen et al. 2009; Huang et al. 2013a; Wiebe et al. 2012) . Recent work on the ability of yeasts to grow and utilize waste materials and accumulate carbon as lipids has suggested the possibility of producing oleochemicals including biodiesel from lignocellulosic hydrolysates, which are the product of pretreatment followed by enzymatic hydrolysis of lignocellulosic biomass (Huang et al. 2013a; Zhu et al. 2008) . Microbial conversion of lignocellullosic sugars to triacylglycerols, as well as subsequent conversion to biodiesel by trans-esterification with short-chain alcohols, is a renewable, sustainable, biodegradable, and non-toxic alternative to petroleum diesel (Ageitos et al. 2011; Atabani et al. 2012; Galafassi et al. 2012; Li et al. 2008b; Rossi et al. 2011; Thiru et al. 2011) . Challenges in this technology include identifying or developing yeasts able to tolerate the inhibitors in hydrolysates and convert the carbohydrates to lipids.
Efforts to find robust oleaginous yeasts for biodiesel production have involved two strategies: (1) screening of wild yeast strains for appropriate properties (Sitepu et al. 2012 (Sitepu et al. , 2013 and (2) manipulation/modification of specific genes of model yeasts to improve their performance for certain purposes (Shi et al. 2011) . The latter has gained much more attention as genetic tools have become readily available; for example, the oleaginous model yeast Yarrowia lipolytica has been genetically modified to accumulate more or different lipids (Beopoulos et al. 2008a (Beopoulos et al. , 2008b (Beopoulos et al. , 2009 NICAUD et al. 2010) . These studies, however, have utilized a small number of well-studied yeasts species (Chen et al. 2009 ). Many other oleaginous yeast species have not been systematically evaluated on pretreated biomass hydrolysate.
The Phaff Yeast Culture Collection located at the University of California Davis contains more than 7,000 yeast strains belonging to over 800 species and represents a valuable resource for identifying novel lipid accumulators in addition to the previously known species. From our two previous screening studies alone, we have identified 17 new oleaginous yeast species (Sitepu et al. 2012 (Sitepu et al. , 2013 , in addition to the 40 oleaginous yeast species previously published (Sitepu et al. 2014) . Newly identified oleaginous yeasts can be utilized in future research including genetic manipulation studies.
The lipid-inducing laboratory medium that is used for screening high lipid-producing yeasts is quite different in composition from the complex hydrolysates, which are the main target for future microbial biodiesel production. There are different pretreatment technologies available to deconstruct complex polymers of plant cell walls, including acid hydrolysis, steam explosion, alkaline wet oxidation, and hot water pretreatment (Alvira et al. 2010) . AFEX™ is a technology that utilizes both physical (high temperature and pressure) and chemical (ammonia) processes to achieve effective pret r e a t m e n t . A F E X ™ p r o m o t e s p a r t i a l c e l l u l o s e decrystalization and partial hemicellulose depolymerization and reduces the lignin recalcitrance in the treated biomass (Balan et al. 2009 ). The benefits of AFEX™ over many other pretreatment technologies include the preservation of inherent plant nutrients and the reduced production of inhibitors as byproducts, which eliminates the need for washing steps to remove inhibitors from the pretreated biomass. Washing leaches out essential nutrients for microbial growth.
To date, few studies have been reported that investigated the conversion of lignocellulosic biomass to lipids and/or biodiesel by yeasts. They are limited to a handful of oleaginous yeasts. Some of these studies include (i) conversion of cassava starch hydrolysate by Rhodosporidium toruloides or Rhodotorula mucilaginosa (Li et al. 2010b) , (ii) corn cob acid hydrolysate by Trichosporon coremiiforme (Huang et al. 2013b) , T. dermatis (Huang et al. 2012a) or T. cutaneum (Chen et al. 2012; Gao et al. 2014) , (iii) corn stover hydrolysate by T. cutaneum (Liu et al. 2012) , (iv) rice straw hydrolysate by Geotrichum fermentans (Huang et al. 2009), (v) sugar cane bagasse hydrolysate by T. fermentans (Huang et al. 2012b) or Y. lipolytica (Tsigie et al. 2011), or (vi) wheat straw hydrolysate by five commonly studied oleaginous yeast species (Yu et al. 2011) . Lipid yields in these reports range from 3 g/L (Liu et al. 2012) up to 15.8 g/ L when fed with 123.5 g/L carbon source (Huang et al. 2012b) .
The current study is part of a systematic sequential screening approach to investigate lipid accumulation by different yeast strains from the Phaff Yeast Culture Collection. In a previous yeast screening for lipid accumulation using a defined laboratory medium, more than 60 % (44 out of 69 strains) of the yeasts tested were able to accumulate over 20 % intracellular lipids when grown in a defined laboratory medium (Sitepu et al. 2013) . The purpose of the current study was to identify yeasts able to convert carbohydrates in authentic hydrolysates to intracellular lipids.
Twenty-five yeasts that accumulated >30 % lipids (Sitepu et al. 2013) were selected for this study (Table 1 ). In addition, 14 yeast strains which were isolated from Indonesian tropical rain forests were also included, based on their likely oleaginous characters, such as floating in 20 % glycerol, belonging to known oleaginous species, or being taxonomically related to known oleaginous species. One known oleaginous species, T. cutaneum, that is reportedly tolerant to inhibitors, i.e., organic acids (acetic acid, formic acid, and levunilic acid) and furans (furfural and 5-HMF) (Chen et al. 2009 ) was also included in this study, although hydrolysates derived from Ammonia Fiber Expansion (AFEX™) pretreated biomass accumulate less of these inhibitors when compared to hydrolyzates resulting from dilute acid pretreated feedstocks (Chundawat et al. 2010; Jin et al. 2012 ).
Methods

Yeast strains
Yeast strains listed in Table 1 are preserved in 20 % glycerol at −80°C in the Phaff Yeast Culture Collection at the University of California Davis (http://phaffcollection.ucdavis.edu). Yeasts were revived by streaking onto potato dextrose agar (PDA, Difco Tm , Sparks, MD, USA) and incubated and maintained at room temperature. Fresh plate cultures of ≤7 days old were used throughout the study.
Analytical methods
Microbial dry mass
For screening stage 1A, microbial dry mass was estimated by filtering 2-mL cultures through a predried 0.45-μm, 47-mmdiameter cellulose nitrate membrane filter (Cat. # 7141-204, Whatman®, Piscataway, NJ, USA), which was then dried at 60°C overnight and weighed. Intracellular lipids were evaluated by the Nile red fluorometric method of Sitepu et al. (2012) . Nile red assay is a rapid technique for screening large numbers of samples to identify oleaginous yeast candidates; however, this preliminary step should be followed by other analytical methods such as gravimetric analysis to allow the detection of small differences in lipid content. For all other screenings, microbial dry mass was estimated by harvesting a known volume of culture and centrifuging at 3,220×g for 10 min. The supernatant was decanted, and the pellet was washed two times with 20 mL sterile deionized water. Microbial cell pellets were stored overnight at −80°C, lyophilized by freeze drying (Freezone® 4.5 L Freeze Dry System Model 7750020, Labconco®, Kansas City, Missouri, USA) at −46°C at 0.133 mBar for 48 h. The microbial dry cell pellet was weighed to determine cell biomass yield and stored at −80°C prior to lipid analysis.
Lipid analysis
Lipids were quantified with Nile red assay and/or gravimetric methods described previously (Sitepu et al. 2012 (Sitepu et al. , 2013 .
Reducing sugars and by-product analyses
To quantify selected metabolites, culture samples were diluted in ultrapure water (1:10, culture/water) and filter-sterilized using Multiscreen HTS 96-well filtration system (Cat. # MSHVS4510, Bilerica, MA, USA). Reducing sugars (glucose and xylose) and, when applicable, by-products (acetate, ethanol, and glycerol) were analyzed by HPLC with a Biorad Aminex HPX-87H column using the method described previously (Li et al. 2010a ). (Sitepu et al. 2013) Screening procedure The screening procedure is described below and also depicted in Fig. 1 .
Screening stage I: synthetic corn stover hydrolysate
Screening stage IA The objective of stage 1A was to screen a large number of yeast strains at test tube culture scale to identify strong candidates for the subsequent shake flask study (stage 1B). The 39 yeasts strains listed in Table 1 were used in this study. One loop (1-2 μL) of less than 7-day-old yeast colony was suspended in 5 mL sterile ultrapure water (Milli-Q, EMD Millipore Corporation, Billerica, MA, USA) and vortexed to homogenously distribute the cells. One hundred microliters of this culture suspension were inoculated into a test tube containing 8 mL of filter-sterilized SynH media. The pH was adjusted to 5.5 with 6 N HCl before filtration.
Cultures were incubated in a roller drum at RT. Samples were withdrawn aseptically to obtain relative growth data by measuring optical density at 600 nm (OD 600 ) using a microplate reader (VersaMax™, Molecular Devices, LL., Sunnyvale, California, USA). Cultures were harvested 7 days after inoculation and several measurements were made. Dry cell biomass was measured. Total lipid content was estimated by Nile red assay as described in the "Analytical methods" section, in duplicate. Nine yeast strains were selected for further analysis based on high cell biomass and intracellular lipid concentration: Cryptococcus humicola UCDFST 10-1004, Cryptococcus laurentii UCDFST 12-803, C. humicola UCDFST 12-17, Trichosporon guehoae UCDFST 60-59, Cryptococcus terreus UCDFST 61-443, Tremella encephala UCDFST 68-887.2, Kurtzmaniella cleridarum UCDFST 76-729.2, Lipomyces starkeyi UCDFST 78-23, and Leucosporidiella creatinivora UCDFST 62-1032 (Table 1 and Fig. 3 ).
Screening stage IB In this stage, nine oleaginous yeasts from stage IA were scaled up in 250-mL synthetic AFEX hydrolysate (SynH) culture in duplicate in 500-mL baffled Erlenmeyer flasks, closed with a foam stopper (Cat. # 14-127-40G, Jaece Industries, North Tonawanda, NY, USA). SynH media composition approximates that of authentic AFEX hydrolysate (Table 2 , Tang et al. submitted manuscript). Use of baffled flasks and foam stoppers facilitated better aeration of the cultures. They were incubated in a rotary shaker incubator (Series 25, New Brunswick Scientific Co., Inc., Edison, New Jersey, USA) at 200 rpm at 30°C. Samples were withdrawn aseptically daily for determination of cell density by measuring the OD 600 . Two destructive samplings were done, at 6 and at 13 days after inoculation. From each flask, three 50-mL cultures were harvested in 50-mL conical tubes, and samples processed as described in the "Analytical methods" section for both lipid determinations by Nile red and gravimetric analysis (Sitepu et al. 2012 (Sitepu et al. , 2013 .
Screening stage II: authentic ACSH P re p a r a t i o n f o r a u t h e n t i c A F E X c o r n s t o v e r hydrolysate Corn stover with glucan and xylan contents of 38.0 and 23.5 %, respectively, was AFEX-pretreated as previously described (Balan et al. 2009 ). AFEX pretreatment conditions applied were 1:1 ammonia-to-biomass ratio, 0.6 g water per gram of dry biomass, 140°C, and 30 min. AFEXpretreated corn stover has the same composition as the untreated one. AFEX-pretreated corn stover was enzymatically hydrolyzed at 6.0 wt% glucan loading in an Applikon EzControl 5-L bioreactor with a total mixture of 4,000 g. Enzymes used for hydrolysis included Cellic Ctec3 (Novozymes, Franklinton, NC)-12 mg protein/g glucan (0.022 mL Ctec3/g dry biomass)-and Cellic Htec3 (Novozymes, Franklinton, NC)-9 mg protein/g glucan (0.021 mL Htec3/g dry biomass). The protein concentrations in Ctec3 (210.6 mg/mL) and Htec3 (164.6 mg/mL) were estimated by Dairyone (Ithaca, NY) using Kjeldahl method. Enzymatic hydrolysis was conducted at 50°C and pH 4.8 for 96 h. The hydrolysate was then centrifuged and unhydrolyzed solids were removed. The liquid hydrolysate was immediately sterile filtered after centrifugation and stored at 4°C.
Screening stage IIA: 50-mL bioreaction tube Authentic corn stover hydrolysate (ACSH) was used for growth media in stage II screening. ACSH batch used in this experiment had 63.2 g/L glucose and 28.9 g/L xylose. The pH of the ACSH was initially 4.6 and was adjusted to 5.5 with 10 M KOH. The same nine yeast strains used in the "Lipid analysis" section were used, with some modification of the culture conditions. Results obtained by Huang et al. (2012c) suggested that a 5 % ratio of inoculum volume to growth media volume (v/v) would increase cell mass yields. Therefore, one loop of <7-day-old yeasts were suspended in 5 mL sterile ultrapure water, and 0.5 mL of this suspension was inoculated into a 50-mL conical bioreaction tube (Celltreat, Cat. # 229475, Shirley, MA, USA) containing 9.5 mL SynH with 3 % xylose as sole carbon source to give 5 % (v/v) inoculum concentration and a 20 % ratio of media/tube volume. These precultures were incubated at 30°C at 200 rpm for 2 days. Xylose was used as sole carbon source to induce utilization of both glucose and xylose at faster rates in the subsequent media. Then, 0.5 mL of this seed culture was inoculated into 50-mL bioreaction tubes containing 9.5 mL ACSH media at pH 5.5 in triplicate. Samples were withdrawn aseptically for measuring the OD 600 daily until cultures were 2 to 3 days past the exponential stage of growth, a total of 5 days. Nile red and gravimetric assays were performed as detailed previously. At harvesting, 5 mL of the cultures were centrifuged and processed for cell dry weight and lipid determination by gravimetric analysis as described above. From each of the three cultures per strain, duplicate samples were processed for gravimetric assay making a total of up to six replicates per strain. Other measurements for cell density, and lipid analysis were performed as detailed in the "Analytical methods" section. Screening stage IIB: scale-up cultures Based on the previous results, three yeast strains with the highest cell biomass and intracellular lipid content from stage IIA were selected for further study, including C. humicola UCDFST 10-1004 and 12-717, and C. laurentii UCDFST 12-803. The yeasts were scaled up in 100 mL growth in authentic hydrolysate (ACSH) in 500-mL baffled Erlenmeyer flasks with foam stoppers, in triplicate. Seed culture and inoculation were performed as described previously. Samples of 20 mL in triplicate were collected at 7 days, and cell density and reducing sugars were determined. Lipid analysis was performed by Nile red and gravimetric assays as described previously.
Data analysis
When applicable, data were subjected to one-way analysis of variance using Microsoft Office Excel. A p value of less than 0.05 was considered significant. Pairwise significant differences were tested by the Fisher's LSD test to group nonsignificantly different treatments.
Results
Yeast growth and total intracellular lipid accumulation
Thirty-three out of 39 yeasts tested grew in test tubes containing 8 mL of SynH media (Table 1) . Cellular dry mass varied from 9.2 to 15.6 g/L achieved by Candida aff. tenuis UCDFST 11-461 and Rhodosporidium babjevae UCDFST 05-775, respectively. SynH medium is a complex and rich medium that mimics the composition of ACSH with regard to carbon and nitrogen sources, vitamins, and mineral salts that are generally needed to support yeast growth ( Table 2) . As seen in Fig. 2 , lipid accumulation varied significantly among the different yeast strains. High cellular mass correlated weakly with high lipid accumulation (r=0.04), as found in a previous study (Sitepu et al. 2013) . Two strains of a known oleaginous species, R. mucilaginosa strains UCDFST 10-1102 and UCDFST 40-129, for instance, were among the ten yeasts with the highest cell mass, but they were among the ten yeasts with the lowest lipids.
In scaled up cultures grown in 250-mL SynH batch media (Stage IB), two strains of the same species, C. humicola UCDFST 10-1004 and UCDFST 12-717, had the highest microbial cell mass of 10.78 and 11.66 g/L at 6 days, and they continued to increase to 17.65 and 16.57 at 13 days. They were significantly different from the other eight strains (p<0.001). L. starkeyi strain UCDFST 78-23 had medium cellular mass production at 6 days but increased cellular mass production at later stages of growth. This strain and UCDFST 10-1004 and 12-717 were among the highest producers of cell biomass. L. creatinivora UCDFST 62-1032, however, was a slow grower and consistently had the lowest cellular mass at the two sampling time points (Fig. 3) .
Five of the nine yeast strains selected had relatively high cellular mass and total lipid production in the SynH media (stage IB), but they had poor growth or no growth (UCDFST 62-1032, 68-887.2, 76-729 .2) in ACSH in bioreaction tubes (stage IIA). On the other hand, four oleaginous strains grew well in ACSH as indicated by cell optical density at OD 600 (p < 0.001) and cellular mass production. They were C. humicola UCD-FST 10-1004 and 12-717, C. laurentii 12-803, and T. guehoae UCDFST 60-59. All, except T. guehoae UCDFST 60-59 that had the lowest growth and lipid content among the four (10.4 and 2.7 g/L for cellular and total lipid mass, respectively), were scaled up in 100-mL ACSH media. The two C. humicola strains UCD-FST 10-1004 and 12-717 consistently had the highest cellular mass and total lipids in ACSH in both bioreaction tubes and shake flask cultures (p < 0.001, Fig. 4) . In shake flask cultures, the mass and lipids were 35.93 g/L with 15.47 g/L lipids, and 37.05 g/L with 12.92 g/L for C. humicola strains UCD-FST 10-1004 and 12-717, respectively.
These three yeasts produced much higher cellular biomass and lipid yields when grown in ACSH than in SynH (Fig. 4) . Growth and lipid production were more efficient in baffled flasks with foam stoppers containing 20 % media, likely due to superior aeration.
pH Effect
The actual pH of SynH was 6.3, higher than the pH of 4.6 of ACSH. In the hydrolysis, pH of ACSH was adjusted to 4.8 for enzymatic process. ACSH process generated about 2.5 g/L acetate, which was no longer detected at 2 days after inoculation, indicating that the yeasts likely utilized it as a carbon source. While both media (SynH and ACSH) were adjusted to pH 5.5 prior to inoculation, the final pH at harvesting varied. The pH of SynH culture after 7 days of incubation ranged from as low as 2.3 to 5.5 in test tube cultures (data not presented) as well as in shake flasks (Fig. 5) . Yeasts yielding higher cellular mass generally had lower final culture pH. For example, L. creatinivora strain UCDFST 62-1032 had weak growth at 6 days with pH of 5.6, but the pH dropped to 2.9 at 13 days as the strain produced more cell mass (Fig. 2) . No contamination was observed. The ability of yeast to continue their growth in the decreasing extracellular pH in the presence of organic acids may have been due to the ability of yeasts to maintain their intracellular buffering capacity, as observed in other studies (Thomas et al. 2002) . On the other hand, the final pH of cultures grown in ACSH at harvesting appeared to be dependent upon the yeast strain (Figs. 2 and 3) . Of the three strains that were scaled up, the pH of cultures of C. humicola UCDFST 10-1004 and 12-717 increased from 5.5 to 6.9 and 7.4, respectively, whereas the culture of C. laurentii UCDFST 12-803 had a final pH of 4.7. In SynH media, all three yeasts had a final pH of less than 3.0, after 7 days of incubation in the 500-mL baffled flasks. An initial pH of 5.5 and incubation at 30°C, which were reported previously to be the optimum conditions for fermentation of Saccharomyces cerevisiae 424A(LNH-ST) in ACSH (Lau and Dale 2009 ), appeared to be also suitable for the yeasts that we tested, as seen in Figs. 2 and 3.
Sugar utilization
In stage 1B, cultures were grown in SynH, which contain 60 g/L glucose and 26 g/L xylose (Table 2) . Without prior preculture in xylose as the sole carbon source, the two sugars were not utilized efficiently in the test tube or shake flask cultures at 6 to 7 days (Fig. 6) . In test tube cultures (stage 1A), glucose was partially consumed, and little or none of the xylose was utilized 7 days after inoculation (Fig. 6) . In flask cultures (stage 1B), only L. starkeyi fully consumed both sugars by 13 days after inoculation, which was inefficient for industrial scale where longer incubation time adds to production cost (Fig. 6) . Nonetheless, some yeast strains grew and accumulate lipids better than others. The nine yeasts shown in Fig. 6 were used in stage 2 screenings. L. starkeyi strain UCDFST 78-23 was the only strain that completely (Fig. 8 ). All glucose was consumed 4 days after inoculation, and xylose at 5-6 days after inoculation. Preculturing significantly improved sugar utilization efficiency for glucose, from 8 days down to 4 days and even more for xylose.
The production of by-products: ethanol and glycerol
Ethanol was produced as a by-product by all three yeast strains grown in ACSH in flask culture, ranging from 4.6 to 7 g/L culture, 7 days after inoculation in aerobic condition (Fig. 8) . We speculated that as the cell density was high at this level, it created a facultative fermentative culture condition which may switch glycolytic pathway to produce acetate and ethanol as the end products. The ability to ferment glucose under oxygen limitation is a common feature for yeast; in fact, about 60 % (out of about 678 species) are considered fermentative (Rodrigues et al. 2006) . Glycerol production reached its highest level at 3-4 days after incubation, and it dropped to zero at later time points for two strains UCDFST 12-717 and 12-803 (Fig. 8) . Glycerol production by strain UCDFST 10-1004 was increased from day 6. We speculated that the yeasts may use glycerol in two ways: as backbone to attach the fatty acids to form the triacylglycerol and as a carbon source.
Discussion
Many yeasts tested had poorer growth on ACSH than on SynH, and this phenomenon was likely due to the presence of inhibitors in the hydrolysate, such as acetate and other inhibitory compounds (Balan et al. 2009; Lau and Dale 2009 ) that were not present in SynH. Preliminary identification of lipid-accumulating yeasts was performed using laboratory media (Sitepu et al. 2012 (Sitepu et al. , 2013 . The purpose of this study was to identify oleaginous yeasts that can grow well and accumulate lipids in authentic lignocellulosic hydrolysate. Lipid accumulation which ranged up to 15.5 g/L in shake flask studies in authentic hydrolysate is among the highest reported in the literature, summarized in Huang et al. (2012b) . Reported lipid yields include 15.73 g/L for T. fermentans grown on sugar cane bagasse hydrolysate (Huang et al. 2012b) , 12.3 g/L for T. cutaneum grown on corn cob hydrolysate (Gao et al. 2014) , and 11.5 g/L for T. fermentans grown on rice straw hydrolysate. Comparable studies with laboratory media suggest that further increases in yield will be obtained in batch or fed batch studies performed in fermentors (Gong et al. 2012; Zhao et al. 2008) .
This study confirms that lipid yields vary depending on the oleaginous yeast species, feedstock types, and cultivation conditions and that it is feasible to convert sugars in the hydrolysate of lignocellulosic biomass to lipid using oleaginous yeasts. Cr. humicola 10-1004 Cr. humicola 12-717 Cr. laurentii 12-803 Cr. humicola 10-1004 Cr. humicola 12-717 Cr. laurentii 12-803 Cr. humicola 10-1004 Cellular mass The conversion of waste materials to lipids has been the subject of research and development since the 1930s (Cohen and Ratledge 2005; Stanier 1946) , with major advances and pilot-scale production primarily in Germany in the 1940s, such as conversion of whey, molasses, and other feedstocks (Woodbine 1959) . Interest in use of oleaginous yeasts for production of biodiesel and other oleochemicals has recently expanded due to environmental, energy security, and climate concerns (Ageitos et al. 2011; Li et al. 2008a; Rossi et al. 2011) . As mentioned in the "Introduction" section, there have been several published studies of conversion of lignocellulosic hydrolysates to lipids using oleaginous yeasts. This work expands the number of species that have been grown on authentic hydrolysates.
Our previous analysis on fatty acid methyl ester (FAME) (Sitepu et al. 2013) showed that the FAME of C. humicola UCDFST 10-1004 comprised primarily of C16 and C18 with 45 % C18:1ω9, 28 % C16:0, 13 % C18:0, 11 % C18:2, and 3 % other FAME species ranged from C14 to C24. Nevertheless, fatty acid profiles may vary with different growth conditions. The fatty acid composition of yeast is similar to that of vegetable oil, which are primarily C16 and C18 fatty acids. These species of fatty acids have wide applications. Methyl oleate is the main constituent of biodiesel. Palmitic acid and linoleic acid methyl esters are valuable for cosmetics, and stearic acid methyl ester is used for surfactants and softening agents. The by-product glycerol, as well as by-products from cellular biomass after oil extraction, offer additional valuable coproducts from a single process. Production of a suite of coproducts from a single culture will aid in development of an economically viable biodiesel production process.
The ability of yeast to utilize xylose simultaneously or subsequently is desirable because hemicellulosic xylan (1,4-β-D-heteroxylans) is the second most abundant polysaccharide in lignocellulosic materials (Dekker 1989) . This pentose sugar is primarily released along with glucose during enzymatic hydrolysis. The ACSH process produces one third as much xylose as glucose (26 g/L), which is a significant amount of carbon that is wasted if the yeast cannot utilize it. Identification of a yeast strain that is able to utilize both glucose and xylose, and a seed culture method that enhances utilization of both sugars as shown in this study, emphasize the need for continued work in this area. Identification of yeast strains and/or culture conditions that enable utilization of both sugars simultaneously rather than sequentially may be possible with additional research.
Alignment of oleaginous yeasts with a specific lignocellulosic hydrolysate based on ability to utilize the sugars and tolerate the inhibitors present in hydrolysate will further aid in optimization of lipid production (Sitepu et al. 2014) .
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